Abstract. Non-alcoholic fatty liver disease (NAFLD) occurs in patients with components of metabolic syndrome such as type 2 diabetes mellitus (T2DM). At present, the central pathophysiological problem in patients afflicted with NAFLD is insulin resistance. In this study, we aimed to determine the effects of a dipeptidyl peptidase-4 (DPP-4) inhibitor, teneligliptin, on the development of NAFLD in ob/ob mice. Five-week-old male ob/ob mice were divided into 4 experimental groups as follows: a group in which they were fed a high carbohydrate diet (HCD) for 8 weeks (n=8) as controls (control group 1), a group in which they were fed HCD supplemented with 0.018% teneligliptin for 8 weeks (n=8) (teneligliptin group 1), a group in which they were fed HCD for 12 weeks (n=8) as controls (control group 2), and another group in which they were fed only HCD for 4 weeks, and the HCD was then supplemented with 0.018% teneligliptin for 8 weeks (n=8) (teligliptin group 2). Hepatic steatosis was observed in all mice in the control group fed the HCD, but only mild hepatic steatosis was observed in teneligliptin group 1. Mice in teneligliptin group 1 fed the diet containing teneligliptin had lower hepatic triglyceride (TG) and free fatty acid (FFA) levels. Mice in teneligliptin group 1 exhibited improvement of insulin resistance; however, those in teneligliptin group 2 did not show any improvement of insulin resistance. Our results thus suggest that teneligliptin may be used as a preventative, but not as a treatment drug for the development of NAFLD.
Introduction
A hallmark of metabolic syndrome is the expansion of the visceral adipose tissue, which is under a state of chronic inflammation (1) . Non-alcoholic fatty liver disease (NAFLD) occurs in patients with components of metabolic syndrome such as type 2 diabetes mellitus (T2DM), obesity, hypertension and hyperlipidemia. Histological changes of NAFLD range over a wide spectrum, extending from simple steatosis to non-alcoholic steatohepatitis (NASH), liver cirrhosis and liver failure, and sometimes, even hepatocellular carcinoma (2) . In Western countries, the prevalence of NAFLD in the general population ranges from 15-39% (3, 4) . It is considered that the prevalence of NAFLD will continue to increase. However, effective drug therapy for NAFLD has not yet been established. Thus, studies aiming at exploring strategies for the treatment of NAFLD are of utmost importance.
At present, the central pathophysiological problem in patients afflicted with NAFLD is insulin resistance. The incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) are released from the gastrointestinal tract in response to a meal (5, 6) . GLP-1 regulates plasma glucose levels by inhibiting glucagon secretion in a glucose-dependent manner, which results in reduced food intake and delaying gastric emptying. The actions of GLP-1 in vivo are short-lived due to their rapid degradation and inactivation by the enzyme dipeptidyl peptidase-4 (DPP-4) (7, 8) . DPP-4 inhibitors have been demonstrated to improve glycemic control, in particular postprandial hyperglycemic control, in patients with T2DM. Several DPP-4 inhibitors have entered the market and have been reported to improve postprandial hyperglycemia (9) (10) (11) . It has previously been reported that sitagliptin, a DPP-4 inhibitor, prevents the development of hepatic steatosis in mice (12) .
Teneligliptin is an orally available and novel chemotype prolylthiazolidine-based DPP-4 inhibitor. It was synthesized in an effort to search for more potent and long-lasting DPP-4 inhibitors (13) . We aimed to determine the effects of teneligliptin on the development of NAFLD in ob/ob mice with diet-induced obesity and T2DM.
Materials and methods
Chemicals and diets. The DPP-4 inhibitor, teneligliptin hydrogenbromide hydrate (3-[(2S,4S)-4-[4-(3-methyl-1-phenyl-1H-pyrazol-5-yl)piperazin-1-yl]pyrrolidin-2-yl-carbonyl] thiazolidine hemipentahydrogenbromide hydrate) (teneligliptin), used in this study was obtained from Tanabe Mitsubishi Pharma Corp. (Osaka, Japan). Teneligliptin was administrated orally by premixing with the high carbohydrate diet (HCD) to a concentration of 0.018% as this concentration of teneligliptin has been used to treat patients with T2DM. The HCD (Oriental Bio Service, Kyoto, Japan) contains 5% of calories from fat, 21% from protein, and 69% 60% fructose) from complex carbohydrates.
Animals. Obese male (ob/ob) 5-week-old mice were obtained from Oriental Bio Service. These mice have been extensively used as a naturally occurring model of hepatic steatosis. These mice are leptin-deficient as a mutation in the ob gene encoding leptin transcription prevents its biosynthesis (14) .
Experimental design. After weaning, the mice were divided into 4 experimental groups for two purposes: one purpose was to determine whether teneligliptin can be used as a preventive drug for the development of NAFLD (experiment for prevention of NAFLD), and the other was to determine whether teneligliptin can be used as a treatment drug for NAFLD (experiment for treatment of NAFLD). The experimental design was as follows: 5-week-old male ob/ob mice, which develop T2DM and NAFLD by being fed a HCD, were divided into a group in which they were fed HCD for 8 weeks (n=8) as controls (control group 1), and another in which they were fed HCD supplemented with 0.018% teneligliptin for 8 weeks (n=8) (teneligliptin group 1) (experiment for prevention of NAFLD). In addition, another 5-week-old male ob/ob mice were divided into a group in which they were fed HCD for 12 weeks (n=8) as controls (control group 2), and another group in which they were fed only HCD for 4 weeks, and the HCD was then supplemented with 0.018% teneligliptin for 8 weeks (n=8) (teligliptin group 2) (experiment for treatment of NAFLD). Mice were allowed free access to food, with a 12-h light/12-h dark cycle under conditions of controlled temperature (22±1˚C) and humidity (50±10%). Food intake was measured daily, while individual body weight was recorded once a week. Within each group, 8 mice were fasted overnight prior to euthanasia. All mice were sacrificed after completing their respective dietary regimens, and the livers of the individual animals were weighed. The livers were removed, and part of the samples were placed in formalin, while the remainder was snap-frozen and stored at -80˚C. All surgical and experimental procedures were performed according to the guidelines for the care and use of animals approved by Osaka Medical College, Takatsuki, Japan.
Assay for plasma hepatic and metabolic parameters. Blood samples were obtained by cardiac puncture and separated by centrifugation (12,000 rpm for 15 min) as plasma. The levels of blood biochemical parameters, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), glico albumin (GA), total-cholesterol (T-CHO), glucose and insulin were measured by a local laboratory that performs clinical analyses (Oriental Yeast Co. Ltd., Kyoto, Japan).
Assay for hepatic lipid content. Hepatic tissues were homogenized with a Janke and Kunkel Polytron homogenizer (ULTRA-TURRAX TP18/1051; IKA-Labortechnik, Staufen, Germany) in buffer (pH 7.4) containing 20 mM Tris HCl, 1 mM EGTA and 2 mM EDTA, and treated with protease inhibitor (2 µg/ml, leupeptin cocktail). Hepatic tissue triglyceride (TG) levels and free fatty acid (FFA) levels were measured by a local laboratory that performs clinical analyses (SRL Co. Ltd., Tokyo, Japan).
Assay for plasma GLP-1 concentration. Total plasma GLP-1 concentrations were measured using a GLP-1, active from assay kit-IBL according to the manufacture's instructions (Immuno-Biological Laboratories Co., Ltd., Gunma, Japan).
Assay for DPP-4 activity. To examine the potential of direct inhibitory activity against DPP-4, 10 µl of plasma was mixed with 90 µl of assay buffer. Assays were reacted for 30 min at room temperature, and the released AMC was determined fluoromerically using Fuluorskan Ascent FL (375-nm excitation and 460-nm emissions; Thermo Fisher Scientific, Waktham, MA, USA). DPP-4 activity was determined with an AMC standard curve. The 50% inhibitory concentration against DPP-4 was calculated from the enzyme reaction curves the SAS system version 8.2 (SAS Institute, Cary, NC, USA).
Histological analysis of hepatic tissue. Liver sections were examined blindly from different lobes of each mouse. Liver tissues were fixed in 10% buffered formaldehyde, and then embedded in paraffin. A 4-mm-thick section cut from a paraffin-embedded block was stained with hematoxylin and eosin (H&E) or Oil Red O (both from Applied Medical Research, Osaka, Japan). These sections were evaluated for fat content by the absence of staining. For hepatic steatosis: grade 0, no fat; grade 1, steatosis occupying <33% of hepatic parenchyma; grade 2, 33-66% of the hepatic parenchyma; grade 3, >66% of the hepatic parenchyma. For inflammatory cell infiltration: grade 0, none; grade 1, 
Glucose tolerance test (GTT).
Mice used in the experiment for prevention of NAFLD at 9 weeks of age and those in the experiment for the treatment of NAFLD at 13 weeks of age were fasted overnight. After measuring the body weight, 20% glucose was injected into each mouse i.p. at 100 µl/10 g body weight. The blood glucose level was measured with a glucose meter 15-min intervals during a 2-h course. In order to analyze insulin secretion during GTT, blood was collected 0, 15 and 120 min after glucose injection. The level of insulin was measured by a local laboratory that does clinical analyses (Oriental Yeast Co. Ltd.).
Real-time PCR.
Tissue specimens were preserved in RNAlater reagent (Qiagen, Valencia, CA, USA) until the isolation of total RNA. Total RNA was isolated from the liver tissue using a QIA shredder and an RNeasy kit (Qiagen). cDNA was prepared using the TaqMan reverse transcriptase kit (Qiagen). Real-time PCR was performed on total RNA using the StrataScript First Strand cDNA Synthesis kit and FullVelocity SYBR-Green qPCR Master Mix (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. Primers for real-time PCR were designed using Beacon Designer software version 2.12, according to the parameters outlined in the Bio-Rad iCycler Manual, using reference mRNA sequences accessed through Gene Bank and as shown in Table I . All probes used in the TaqMan Gene Expression assays were purchased from Applied Biosystems (Foster City, CA, USA). PCR reactions were carried outin the iCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). PCR products were detected using the iCycler iQ Real-Time PCR detection system (Bio-Rad Laboratories). The relative amount of mRNA was calculated by comparative cycle time determination with ribosomal protein RPL32 as the invariant control. Gene expression values were calculated based on the ∆∆Ct method. The results were expressed as a fold increase in expression relative to the control group.
Statistical analysis. Data are presented as the means ± standard error of the mean. Statistical analyses were performed using the Student's t-test. Values of p<0.05 were considered to indicate statistically significant differences.
Results

Effect of treatment and diets on body weight and liver/body
weight ratio of mice in each experimental group. As shown Fig. 1A , at the end of the experimental period, there was no significant difference in the weight of the mice in both Table I . Primer sequences used for the real-time polymerase chain reaction.
Gene
Primer sequences (sense) Primer sequences (antisense) (Table II-B) .
Concentration of plasma GLP-1.
Since a previous study demonstrated that GLP-1 prevents the development of NAFLD (16), we thus examined the concentration of GLP-1 in this study. The plasma concentration of GLP-1 was higher in both teneligliptin groups (Fig. 2) .
Effects of teneligliptin on DPP-4 activity. We wished to examine whether teneligliptin affects plasma DPP-4 activity in the two experimental groups. Plasma DPP-4 activity in the mice in teneligliptin group 1 was significantly decreased 0.49-fold, compared with that of mice in control group 1 (p<0.05; Fig. 3A ). In addition, plasma DPP-4 activity in the mice in teneligliptin group 2 was significantly decreased 0.45-fold, compared with that of mice in control group 2 (p<0.05; Fig. 3B ).
Histological analysis. Hepatic steatosis was observed in all mice used in the experiment for the prevention of NAFLD in both control group 1 and teneligliptin group 1; however, severe hepatic steatosis was observed in control group 1 ( Fig. 4A and Table III-A) . Furthermore, a great amount of fatty droplets was observed in control group 1, as shown by Oil Red O staining (Fig. 5A) . The same degree of hepatic steatosis was observed in all mice used in the experiment for the treatment of NAFLD (Fig. 4B and Table III-B) . In addition, the same amount of fatty droplets was observed in both groups (Fig. 5B) .
GTT. Mice in control group 1 exhibited glucose intolerance during a GTT, compared with those in teneligliptin group 1 (Fig. 6 ). Mice in teneligliptin group 1 exhibited a significant difference in insulin content during the GTT compared to the controls; however, mice in teneligliptin group 2 did not exhibit a significant difference in insulin content compared to their respective controls (Fig. 7) .
Hepatic pro-inflammatory mRNA expression. A previous study demonstrated that several pro-inflammatory cytokines are associated with the development of NASH (17) . Since biochemical parameters, such as AST and ALT in the mice used in the experiment for the prevention of NAFLD differed significantly between the two groups, we examined the relative expression levels of hepatic pro-inflammatory cytokines. The mRNA expression levels of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1β and IL-6 were significantly decreased in teligliptin group 1 (respectively, p<0.05) (Fig. 8A) . On the other hand, the ALT levels in the mice used in the experiment for the treatment of NAFLD was significantly increased in teneligliptin group 2 (Table II-B) . As expected, the expression levels of TNF-α and IL-6 were also significantly increased in the mice in teneligliptin group 2 (Fig. 8B) . However, the mRNA expression levels of IL-1β were significantly decreased in the mice in teneligliptin group 2, while the levels of IFN-γ exhibited no significant difference (Fig. 8B) . Hepatic lipogenic-related mRNA expression. The differences in the histological findings and hepatic TG content observed between the mice used in the experiment for the prevention of NAFLD and those used in the experiment for the treatment of NAFLD suggest that the expression of cytokines is involved in the development of NAFLD. The expression of lipogenic enzymes is mainly regulated at the transcriptional level in a hyperinsulinemic and hyperglycemic state. Sterol regulatory element binding protein-1c (SREBP-1c) and carbohydrate response element binding protein (ChREBP), are well known to be involved in these states (18) . The induction of lipogenic genes, such as fatty acid synthase (FAS) is under the concerned action of ChREBP and of the transcription factor SREBP-1c in response to glucose and insulin (18) . In particular, the expression of SREBP-1c is stimulated by insulin (19, 20) . In addition to FAS, stearoyl-CoA desaturase-1 (SCD-1) may be critical to the role of triglyceride accumulation in hepatocytes (21) . Peroxisome proliferator-activated receptors (PPARs) are nuclear transcription factors that include three subtypes: α, β and γ. PPAR-γ agonists, such as thiazolidinediones improve insulin action in peripheral tissues and are effective in the treatment of patients with NAFLD (22) . Unlike PPAR-γ, PPAR-α mediates the expression of genes that regulate lipid oxidation (23) . PPAR-α agonists, such as fibrates, have been used in the treatment of hypertriglyceridemia and to reduce cardiovascular risk (24) . In the present study, the hepatic TG content in the teneligliptin group 1 was reduced, compared with that in control group 1 (Table II-A) . On the other hand, there was no significant difference in the hepatic TG between control group 2 and teneligliptin group 2 (Table II-B) . These results coincided with the result that the relative mRNA expression levels of SREBP-1c and ChREBP were reduced in teneligliptin group 1, but were not reduced in teneligliptin group 2 compared with control group 2 (Fig. 9) . On the other hand, the mRNA expression levels of FAS were significantly decreased in teneligliptin group 1 (Fig. 9A) ; however, there was no significant difference in the mRNA expression levels of SCD-1 between control group 2 and teneligliptin group 2 (Fig. 9B) . In addition, the expression of PPAR-α, a key element in the β-oxidation of FFAs, differed significantly between control group 1 and teneligliptin group (Fig. 9A) . However, the expression of PPAR-α in control group 2 and teneligliptin group 2 did not exhibit a significant difference (Fig. 9B) . The mRNA expressions of PPAR-γ was below the lower limit of detection in all groups (data not shown).
Hepatic steatosis develops as result of abnormally enhanced de novo lipid synthesis and fat delivery (25) . ATP-citrate lyase (ACL) is an important lipogenic enzyme that regulates the flow of glucose carbons to cytosolic acetylcoenzyme A (CoA) (26) . Acetyl-CoA carboxylase (ACC) is a biotinylated enzyme that catalyzes the ATP-dependent carboxylation of acetyl-CoA to produce malonyl-CoA. Animals have two ACC genes (ACC1 and ACC2). In particular, ACC1 is a protein that is mainly expressed in liver and adipose tissue (27) . The phosphorylation of ACC by AMP-activated protein kinase (AMPK) results in its inactivation and inability to inhibit carnitine palmitoyltransferase-1 (CPT-1). CPT-1 is responsible for fatty acid transport into the mitochondria. The liver isoform (CPT1A) is localized in the outer mitochondrial membrane and exposes its active site at the cytosolic face of the mitochondrion (28) . Insulin can regulate the sensitivity of CPT1A for malonyl-CoA in the liver (29) . In this study, we examined the relative expression levels of these hepatic lipogenic-related enzymes. Against our prediction, the expression levels of ACC1 were significantly decreased in teneligliptin group 1 (Fig. 10A ), but were significantly increased in teneligliptin group 2 (Fig. 10B) . Furthermore, the expression levels of ACL were significantly increased in teneligliptin group 1 (Fig. 10A) ; however these expression levels were significantly decreased in teneligliptin group 2 (Fig. 10B) . In addition, the expression levels of CPT1A were significantly decreased in teneligliptin group 1; however, the expression levels of CPT1A were not significantly different between control group 2 and teneligliptin group 2 (Fig. 10B) .
Mitochondrial oxidation of FFA-related mRNA expression. It is known that once the fatty acid is inside the mitochondrial matrix, β-oxidation can then begin. It has 4 steps (30). First, acyl-CoA is oxidized by acyl-CoA dehydrogenase to yield a trans-2-enoyl-CoA. This step is followed by hydratation of the double bond. The resulting L-3-hydroxy-acyl-CoA is again oxidized into 3-keto-acyl-CoA in the third step. Finally, the thiolytic cleavage of 3-keto-acyl-CoA produces a 2-carbon chain-shortened acyl-CoA plus acetyl-CoA. In this study, we examined the expression of mitochondrial oxidation of fatty acid-related genes, such as medium-chain acyl-CoA dehydrogenase (MCAD), long-chain acyl-CoA dehydrogenase (LCAD), enoyl-CoA hydratase (ECAH), 3-hydroxyacyl-CoA dehydrogenase (HACDH) and 3-ketoacyl-CoA thiolase (bKACTB). The relative expression levels of these genes, such as MCAD, LCAD, ECAH, HACDH and bKACTB were not significantly different between control group 1 and teneligliptin group 1 (Fig. 11A) . In addition, the expression levels of these same genes were not significantly different between control group 2 and teneligliptin group 2 (Fig. 11B) .
Insulin resistance-related mRNA expression. Insulin signaling is initiated when insulin binds to its receptor expressed on the cell membrane. The insulin receptor is a receptor tyrosine kinase upon the binding of insulin, is autophosphorylated and activated. Once activated, the receptor can phosphorylate tyrosine residues on the insulin receptor substrate (IRS) molecules. IRS proteins bind the phosphatidylinositol-3-kinase (PI3K) and activate it. PI3K eventually leads to many of the effects of insulin on glucose, lipid and protein metabolism. IRS-1 and IRS-2 exhibit high structural homology, are abundantly expressed in the liver. In addition, AMPK promotes glucose uptake into skeletal muscle and suppresses glucose output from the liver via insulin-independent mechanisms (31). These receptors are thought to be responsible for transducing insulin signals from the insulin receptor to the intracellular effectors in the regulation of glucose and lipid homeostasis (32, 33) . IRS-2 mainly functions during the fasting state and immediately after re-feeding, while IRS-1 functions primarily after re-feeding (34) . Moreover, IRS-1 has been observed to play a dominant role under states of nutrient excess (35) . In this study, the relative expression levels of these genes, such as PI3K, IRS-1, IRS-2 and AMPK were significantly different between teneligliptin group 1 and control group 1 (Fig. 12A) .
However, the expression levels of PI3K and AMPK were not significantly different between control group 2 and teneligliptin group 2 (Fig. 12B) . The levels of IRS-1 and IRS-2 were significantly decreased in teneligliptin group 2 compared Figure 9 . (A) Relative hepatic mRNA expression levels of lipogenic-related genes in the experiment for the prevention of non-alcoholic fatty liver disease (NAFLD). There was a significant difference in the expression of these lipogenic-related genes such as sterol regulatory element binding protein-1c (SREBP-1c), FAS and carbohydrate response element binding protein (ChREBP) between the two groups. In addition, the hepatic expression of peroxisome proliferator-activated receptor-α (PPAR-α) was increased in teneligliptin group 1. However, there was no significant difference in the expression of stearoyl-CoA desaturase-1 (SCD-1) between the two groups. * p<0.05 vs. control group 1. (B) Relative hepatic mRNA expression levels of lipogenic-related genes in the experiment for the treatment of NAFLD. There was no significant difference in the expression of SREBP-1c, ChREBP, PPAR-α and SCD-1 between the two groups. * p<0.05 vs. control group 2. NS, no significant difference.
to control group 2 (Fig. 12B ). In addition, gluconeogenic genes, such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) contribute to insulin resistance and glucose intolerance (36) . In this study, the Figure 10 . (A) Relative hepatic mRNA expression levels of β-oxidation-related genes in the experiment for the prevention of non-alcoholic fatty liver disease (NAFLD). There was a significant difference in the expression of these β-oxidation-related genes such as carnitine palmitoyltransferase-1 (CPT1), acetyl-CoA carboxylase (ACC)1, and ATP-citrate lyase (ACL) between the two groups. * p<0.05 vs. control group 1. (B) Relative hepatic mRNA expressions of β-oxidationrelated genes in the experiment for the treatment of NAFLD. There was a significant difference in the expression of these β-oxidation-related genes, such as ACC1 and ACL between the two groups. * p<0.05 vs. control group 2. NS, no significant difference.
relative expression levels of PEPCK and G6Pase were not significantly different between control group 1 and teneligliptin group 1 (Fig. 12A) ; however, these expression levels were significantly increased in teneligliptin group 2 compared to control group 2 (Fig. 12B ).
Discussion
There are many patients with NAFLD associated with T2DM and obesity. In the present study, we fed ob/ob mice, animal models of the disease, a HCD containing fructose as a main Figure 11 . (A) Relative hepatic mRNA expression levels of mitochondrial β-oxidation-related genes in the experiment for the prevention of non-alcoholic fatty liver disease (NAFLD). There was no significant difference in the expression levels of these mitochondrial β-oxidation-related genes such as medium-chain acylCoA dehydrogenase (MCAD), long-chain acyl-CoA dehydrogenase (LCAD), enoyl-CoA hydratase (ECAH), 3-hydroxyacyl-CoA dehydrogenase (HACDH) and 3-ketoacyl-CoA thiolase (bKACTB) between the two groups. (B) Relative hepatic mRNA expression levels of mitochondrial β-oxidation-related genes in the experiment for the treatment of NAFLD. There was no significant difference in the expression levels of these mitochondrial β-oxidation-related genes such as MCAD, LCAD, ECAH, HACDH and bKACTB between the two groups. NS, no significant difference.
component to evaluate the efficacy of teneligliptin, a diabetes drug, for the treatment of HCD-induced NAFLD.
In the experiment for the prevention of NAFLD, a comparison of mice fed the HCD supplemented with teneligliptin from the initial stage of the study with mice fed the HCD alone revealed no significant difference in weight gain between the two groups. However, histological finding in the liver revealed that the occurrence of hepatic steatosis was suppressed in the mice fed the HCD supplemented with teneligliptin. In the following experiment for the treatment of NAFLD, we compared mice fed the HCD supplemented with teneligliptin after the occurrence of a certain degree of steatosis with the mice continuously fed HCD alone. The results revealed no significant difference in weight gain between the two groups, and a similar degree of steatosis was observed in both groups. In addition, our results revealed that the plasma level of GLP-1 was significantly increased in both teneligliptin groups. Furthermore, both teneligliptin groups exhibited the same degree of DPP-4 activity. Therefore, we examined whether some factors, apart from GLP-1 and DPP-4 activity, are Figure 12 . (A) Relative hepatic mRNA expression levels of insulin resistance-related genes in the experiment for the prevention of non-alcoholic fatty liver disease (NAFLD). There was a significant difference in the expression of these insulin signaling genes such as phosphatidylinositol-3-kinase (PI3K), insulin receptor substrate-1 (IRS-1), IRS-2 and AMP-activated protein kinase (AMPK) between the two groups. There was no significant difference in the expression of these gluconeogenic genes such as PEPCK and glucose-6-phosphatase (G6Pase) between the two groups. * p<0.05 vs. control group 1. (B) Relative hepatic mRNA expression levels of insulin signaling-related genes in the experiment for the prevention of NAFLD. There was a significant difference in the expression of these insulin signaling-related genes such as IRS-1 and IRS-2 between the two groups. There was no significant difference in the expression of these gluconeogenic genes such as PEPCK and G6Pase between the two groups. * p<0.05 vs. control group 2. NS, no significant difference.
associated with these histological changes. To investigate the mechanism contributing to the differences in histological findings observed between these two experiments, we measured plasma parameters related to both hepatic disorders and lipids and the hepatic TG levels, which were likely to yield some differences. The results revealed a decrease in the plasma AST and ALT levels, the parameters indicative of hepatic disorder, in the mice fed the teneligliptin-supplemented HCD from the initial stage of the study. In addition, decreased liver TG levels, which are hallmarks of steatosis, were observed in the mice fed the teneligliptin-supplemented HCD from the initial stage of the study. The plasma glucose and insulin levels were also decreased in these mice. In the mice fed the HCD supplemented with teneligliptin after the occurrence of steatosis, the ALT levels increased, and no significant difference was observed in the plasma glucose and insulin levels between the two groups. In contrast to the mice between control group 1 and teneligliptin group 1, the mice in teneligliptin group 2 did not exhibit a significant difference in glucose tolerance and insulin content during the GTT between control group 2 and teneligliptin group 2. These results indicate that teneligliptin does not always improve insulin resistance. These biochemistry results were mostly consistent with the histological findings. Most importantly, the T2DM drug, teneligliptin, showed resistance to the occurrence of hepatic steatosis induced by a diet containing fructose as a main component when the diet was fed from the initial stage of the study, but the drug exerted a poor therapeutic effect, as determined by histological analysis, in the presence of a certain degree of steatosis. To elucidate the mechanisms behind these results, we examined the liver expression of genes associated with the progression of NAFLD, various lipid-related genes including factors related to mitochondrial β-oxidation, and genes associated with insulin resistance. A comparison of the liver expression of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β and IFN-γ) revealed the decreased expression of these cytokines in the mice used in the experiment for the prevention of NAFLD. By contrast, the expression of TNF-α and IL-6 increased in the mice used in the experiment for the treatment of NAFLD. Next, the expression of lipid synthesis-related genes, such as SREBP-1c, FAS and ChREBP was decreased in the mice used in the experiment for the prevention of NAFLD. By contrast, the expression of FAS increased in the mice used in the experiment for the treatment of NAFLD. These results were consistent with the histological findings. We further studied genes associated with fatty acid oxidation and mitochondrial β-oxidation. The expression of CPT1A and ACC1 decreased and the expression of ACL increased in the mice used in the experiment for the prevention of NAFLD. In the mice fed the diet after the occurrence of steatosis, however, the expression of CPT1A did not differ significantly from that of the controls, but the expression of ACC1 increased while and the expression of ACL decreased. As for the expression of factors associated with other stages of β-oxidation, the expression of PPAR-α increased in the mice used in the experiment for the prevention of NAFLD. These results suggest that the early administration of teneligliptin also affects fatty acid oxidation.
We also examined the insulin resistance associated with the occurrence of NAFLD. The biochemistry and GTT results suggested that the early administration of teneligliptin improved insulin resistance. Determining the expression of genes associated with insulin signaling, the expression of IRS-1 and AMPK increased and the expression of PI3K decreased in the mice of the experiment for prevention of NAFLD. In the mice fed the teneligliptin-supplemented diet after the occurrence of steatosis. However, the expression of IRS-1 and IRS-2 decreased and the expression of PI3K and AMPK did not significantly differ between groups in the mice used in the experiment for the treatment of NAFLD. In addition, the expression levels of gluconeogenic genes, such as PEPCK and G6Pase were significantly different in the mice used in the experiment for the treatment of NAFLD. These results suggest that, whereas the early administration of teneligliptin may improve insulin resistance, the administration of the drug after the occurrence of a certain degree of steatosis does little to improve the insulin resistance. These results are suggested to be one of the factors contributing to the histological differences between the two groups.
Since the GLP-1 concentration and DPP-4 activity in the groups receiving teneligliptin were at similar levels, we hypothesized that pathways unlike GLP-1 and DPP-4 activity were responsible for the results in our experiment. An important difference in the two experimental groups was the existence of excess adiposity, including hepatic steatosis that was caused by 4 weeks of being fed a HCD. In addition to adipocytokine secreted from adipose tissue, our results suggested that the DPP-4 inhibitor aggravatd the expression of certain proinflamatory cytokines in the presence of hepatic steatosis. This result may be associated with the aggravation of insulin resistance in teneligliptin group 2. We will have to examine the mechanisms of the effect of the DPP-4 inhibitor apart from DPP-4 activity and GLP-1 in detail in the future.
On the whole, it was shown that the administration of the DPP-4 inhibitor, teneligliptin, from the initial stage of diabetes may not only suppress the expression of a number of proinflammatory cytokines in the liver, but can also inhibit the expression of lipid synthesis-related genes and, secondarily, inhibit the occurrence of steatosis and prevent the development of NAFLD by preventing the expression of pro-inflammatory cytokines, lipid synthesis-related genes and improving insulin resistance.
In conclusion, the results of the present study suggest that the DPP-4 inhibitor, teneligliptin, may prevent the development of NAFLD, which is a hepatic phenotype of metabolic syndrome, if the drug is administered from the initial stage of diabetes. Since DPP-4 inhibitors are recommended to be used in the treatment of early-stage type 2 diabetes (34); it is considered important to use teneligliptin as rescommended. Further experiments are warranted in order to determine whether similar effects can be obtained with other DPP-4 inhibitors.
